Graphene, a two-dimensional honeycomb lattice of bonded carbon atoms, is a strong, stretchable and impermeable conducting membrane[@b1]. It possesses chemical stability, optical transparency and extremely high carrier mobility among other surprising properties, however, these remarkable attributes are hardly exploited till reliable scalable graphene films could be attained[@b2]. Mechanical exfoliation of graphite can produce high-quality graphene, but the size of the available flakes is rather small[@b3][@b4] Graphitization of SiC crystals and carbon evaporation on SiC substrates have successfully grown large-area of high quality graphene films[@b5][@b6][@b7][@b8][@b9]; however, they are not easily transferable to arbitrary substrates and the thickness control is controversial, particularly when carbon-face SiC substrates are used.

Continuous graphene films can also be produced by diverse methods on metal substrates such as nickel, iridium, ruthenium among others[@b10][@b11][@b12][@b13][@b14]. In most cases a mixed of mono- and bi-layer graphene has been reported[@b15], with a variable hybridization between the metal and graphene states, depending on the substrate. Recently, Li and colleagues have produced centimetre scale one-atom thick graphene sheets by chemical vapor deposition (CVD) on copper foils[@b16]. Furthermore, by substrate etching the films have been transferred to alternative substrates, in a cost- and time-effective roll-to-roll production method[@b17]. Nonetheless, as the synthesis of scalable films production is attainable, the graphene films manifest their inherent polycrystalline character. Hence, recent high-resolution transmission microscopy studies have revealed the films as constituted by single-crystal grains differently oriented, which appear patched together like in a quilt[@b18].

Bearing in mind that collective electronic excitations are at the heart of many open issues in graphene physics, it is essential to establish the impact of the polycrystalline nature on the low-energy quasiparticle behavior of graphene films[@b19]. Here we present ARPES data with high energy, momentum and lateral resolution obtained from monolayer graphene sheets grown on copper foils by CVD. Rather than individually imaging the atoms in each grain, we rapidly map at the mesoscopic scale the location, orientation and shape of several dozens of graphene and copper grains together with their grain boundaries. Thus, the vulnerability of the Dirac linear dispersion and the almost vanishingly mass of relativistic graphene carriers close to the Fermi level have been studied by nano-ARPES measurements of single pristine graphene grains as small as 4--6 μm size. More importantly, a deep nano-ARPES data analysis has allowed us to determine the lateral dependence (grain to grain) of relevant features like gap-size, doping, effective mass (**m\***) and Fermi velocity (**υ~F~**) obtained by single- and multi-grains sampling.

Interestedly, even though the gap opening in graphene is usually discussed in terms of a semiconducting spectrum, where the occurrence of a finite gap at the Dirac point is accompanied by a measureable mass for the fermions. Our findings, reveal a gap scenario from graphene polycrystalline films, which preserves the massless characters of the carriers[@b20]. Remarkably, nano-ARPES results have been able to unravel the discrepancies between recently reported experimental large gap-size of graphene on copper[@b21][@b22] and theoretical predictions[@b23][@b24][@b25].

Results
=======

Micro- and nano-ARPES measurements have been carried out at the ANTARES beamline[@b26][@b27], with lateral resolution of \~ 90 μm and \~ 120 nm, respectively. This instrument, schematized in [Fig. 1a](#f1){ref-type="fig"}, is particularly well suited to determine the electronic band structure of nano-sized samples as well as large specimens with nano heterogeneities[@b28]. ARPES measurements are carried out under ultra-high vacuum conditions (with a base pressure better than 5 × 10^−11^ Torr), keeping the sample temperature as slow as \~ 46 K. Retaining the same lateral resolution as in nano-ARPES, the setup furthermore allows us a quantitative chemical analysis by detecting high-energy resolution core levels and their chemical shifts. The ANTARES microscope has two operating modes: (1) the point mode, in which individual electronic dispersion relations E-k curves can be measured with a nano- or micro-size sampling area, where E is the photoelectron binding energy and k the crystal-momentum, and (2) the scanning mode, wherein two-dimensional images can be recorded by mapping the intensity of electronic states with selected values of momentum and binding energy. The overall energy and momentum resolution of the nano-ARPES measurements at 100 eV were 5 meV and 0.005 Å^−1^, respectively.

Initially, we carry out a multi-grain study of the electronic structure by micro-ARPES measurements in the middle of sizable copper grains, which can be as large as 2 mm x1 mm, (see [Fig. 1b](#f1){ref-type="fig"} and inset of [Fig. 1c](#f1){ref-type="fig"}). Even if micro-ARPES measurements were conducted along an arbitrary direction (i.e., where the graphene **π** bands showed maximum intensity), a complete electronic band structure of a polycrystalline graphene film could be comprehensibly recognized, (see [Fig. 1b](#f1){ref-type="fig"}). As the graphene grains, in principle, are almost randomly oriented, any arbitrary direction of the sample would coincide with the **ΓK** direction of grains of the graphene film investigated. Our findings show that strong graphene **σ** and **π** dispersing bands are clearly observed between 0.5 eV and 16 eV binding energies. Moreover, the region from about 2 eV to 4 eV is dominated by emission from the substrate valence band "d" copper states and finally close to the Fermi level, one finds the \"sp\" copper bands and the graphene **π** and **π\*** bands, which show a characteristic Dirac cone. The good valence band dispersion of the copper grains is indicative of the high crystalline quality of the copper substrate, despite its granular character. Interestedly, this typical electronic structure is distinctive of a rather weak interaction, with no evidence of hybridization between copper and graphene states, in line with previous studies[@b29][@b30].

Despite the absence of copper carbide formation, we have noticed that in the early stage of graphene growth, the interaction between the carbon source and the Cu substrate has played a quite important role, during the CVD synthesis. It seems that the extremely low carbon dissolvability in copper and the effective catalytic activity of the metallic substrate promoting the hydrocarbon gas decomposition are essential not only to ensure the growth of the one-atome thick graphene films but also to stimulate the growth of large and good crystalline copper grains of the substrate foils. In order to evaluate the influence of the granular nature of the substrate on the morphology of the graphene films, we have recorded nano-ARPES images by selectively mapping electronic states with a given binding energy and momentum.

In particular, by collecting exclusively the \"sp\" copper states (those confined in the red box of [Fig 1b](#f1){ref-type="fig"}), the location, shape and orientation of Cu grains and their grain boundaries could be precisely determined. [Figure 1c](#f1){ref-type="fig"} shows one of the resulting nano-ARPES images, in which a central grain presents an unusual Italian boot shape, similar to the one displayed by the optical microscope image (inset [Fig. 1c](#f1){ref-type="fig"}). As we will discuss later on, theses nano-ARPES images allow us moreover the unambiguous determination of the facet orientation of the copper substrate grains. If instead of copper states, we record the **π\*** states (green-box of [Fig. 1b](#f1){ref-type="fig"}), the resulting nano-ARPES image provides the size, distribution and orientation of the graphene grains covering the copper grains, as can be observed in [Figure 1d and 1e](#f1){ref-type="fig"}. In both graphene nano-ARPES images, the intensity of the **π** states graphene band is presented in a linear scale as a false-colour image. Both images recorded in the middle and at the border of the central copper grain, labelled as A and B-area in [Fig. 1c](#f1){ref-type="fig"}, respectively, show similar shape and size distribution of the graphene grains inside and at the boundary substrate grains.

As the graphene **π** and **π\*** bands are only close to the Fermi level at the K points of the graphene grains investigated, the nano-ARPES image detects not only the presence of the pristine grains, but also their orientation (i.e., grains whose **ΓK** directions are collinear with the detector energy window). Accordingly, each nano-ARPES image provides the size and grain distributions in graphene films and the register with the copper substrate. Most importantly, once the individual graphene grains have been identified, we could investigate the properties associated to their individual Dirac cones. All recorded images independently of the grain orientation, depict a typical homogeneous distribution of dendritic graphene grains of 4--6 μm size, covering several copper grains as a carpet, without any observable disruption at the copper grain boundaries. As the images display only graphene grains of the same orientation, they suggest that the graphene films are discontinuous. Nevertheless, adding images of different orientations the whole graphene films could be reconstituted by pieces of pristine grains differently oriented, like a continuous patchwork fabric. Furthermore, if instead the **π\***, the **σ** graphene bands are recorded, the nano-ARPES **σ**-derived images show an imperturbable continuity throughout the whole sample, disregarding the rich blend of grain orientations inherent to the polycrystalline graphene films. The **σ-**derived images have not been shown because they are black images, without any detectable contrast or intensity variation, confirming the continuity of the graphene films.

The cleanliness and spectroscopic quality of the CVD graphene films have been also investigated, before and after the ARPES measurements, by performing x-ray photoemission spectroscopy (XPS), scanning electron microscopy (SEM), optical imaging and Raman spectroscopy. [Figure 2](#f2){ref-type="fig"} shows a summary of our results. After exposure to the atmospheric pressure for several days, the samples were introduced in the ANTARES microscope and kept in ultra-high vacuum conditions. The level of contamination has been systematically evaluated by high-resolution core levels (CLs) measurements. As it can be seen in [Fig. 2a](#f2){ref-type="fig"}, the as-grown films showed only a small oxygen contamination evidenced by a peak at binding energy \~550 eV. After a gentle annealing at 200°C, the Cu 3s, Cu 3d and C 1s photoelectron lines as well as the valence band were monitored. The small initial oxygen contamination was easily removed by carrying out several cycles of annealing up to 600°C, as it can be seen in the [Fig. 2a](#f2){ref-type="fig"} top spectrum.

Interestedly, high surface-sensitivity C 1s core level peaks resulting from the graphene films are dominated by a large main component, (see [Fig. 1b](#f1){ref-type="fig"}). In addition a small shoulder appears at lower binding energies, which is associated probably to the presence of multi-layer graphene, which may behave as growth seeds. Special attention has been taken in order to ensure that our nano-ARPES samplings correspond exclusively to the large homogeneous single-layer areas of the samples. Typical monolayer graphene films display single peaks at 284.5 eV, without any evidence of a shoulder around 286--287 eV. Peaks appearing in this binding energy range have been considered as evidence of CO bondings or oxidized species in the samples. The absence of CO-derived peak indicates that the oxidized moieties generally detected during the synthesis or transfer steps have not produced measurable oxidation effects in the resulting graphene films. For a more quantitative analysis, we have fitted the XPS carbon CL 1s peak by a procedure involving the deconvolution of the peak with a Doniach and Sunjic[@b31] line shape, using a Lorentzian line width of 170 meV and an asymmetry parameter of 0.068[@b32]. The C 1s level is found to have a lifetime full width half maximum (FWHM) with an upper limit of 170 ± 15 meV, which is considerably narrower than previously reported results[@b33][@b34], suggesting the existence of only one chemical environment of the carbon atoms.

The surface structure of graphene on Cu foil samples were also characterized by SEM imaging. [Fig. 2c](#f2){ref-type="fig"} reveals the good homogeneity of the graphene film, with a mainly monolayer thick material while an insignificant part of the surface contains darker areas, which have been probably due to graphene growth seeds. Once the Cu surface is fully covered with graphene, the auto-limited growth of the films stops and consequently, the structure does not evolve any more. Moreover, as it is well known by Raman spectroscopy, we can distinguish easily between single-, few-layer graphene and graphite[@b35]. The Raman fingerprint for single-layer graphene, is related directly to the position and G\'-peak width. A narrow and intense Lorentzian G\'-peak at \~2700 cm^−1^ is a direct signature of single-layer graphene, while broadening and blue-shift of the 2G\'-peak (with multiple Lorentzian lineshape) indicate multiple graphene layers. [Figure 2d](#f2){ref-type="fig"} shows one of the typical Raman spectrum of the CVD graphene films investigated in this work. The G-peak at \~2700 cm^−1^ presents a FWHM of \~30 cm^−1^ and the IG\'/IG intensity ratio close to 2 (i.e. IG\'/IG = 2), which corresponds to the Raman fingerprints of single-layer graphene.

All the graphene films investigated in this study, have been grown immediately after the copper foils have been annealed up to \~ 1050°C under a mixture on argon and hydrogen flow. This treatment, together with carbon catalytic effect during the CDV growth induces a crystalline structure of the foil Cu grains predominantly dominated by the Cu (111) facet. This finding agrees well with theoretical predictions, as Cu (111) is the lowest energy copper surface[@b36], which has been corroborated recently by Electron backscattering diffraction[@b37], showing that the underlying copper foil substrates present large mono-crystalline copper grains Cu (111) faceted. Nevertheless, it is not clear yet if this almost epitaxial copper grain growth is the result of thermal treatment or due to a carbon catalytic effect[@b18].

[Figure 3a](#f3){ref-type="fig"} shows a typical LEED pattern measured in one of the large copper substrate grains of the graphene-copper-foil samples. According to graphene\'s six-fold symmetry, electron diffraction from a single graphene crystal should result in one set of six-fold symmetric spots arranged in a suitable honeycomb lattice, (see [Fig. 3b](#f3){ref-type="fig"}). The LEED pattern of the samples, however, displays many of such families of spots, which give rise to a more or less continuous intensity ring. This is a consequence of the presence of several grains with different orientations in the field of view that the electron beam is probing. Moreover, very close to the ring ([Fig. 3a](#f3){ref-type="fig"}), a well-defined LEED set of six spot is observed. Their location in the reciprocal space corresponds to the high symmetry directions and size of the Brillouin zone of the Cu (111) grains. Indeed, the lattice parameters are 0.256 nm for the Cu (111) surface and 0.246 nm for graphene. So, there is a tensile strain of 4.1% for graphene on (111) Cu. Both graphene and copper grains features can be well distinguished in the figure inset, which shows a LEED pattern of the same sample taken with beam energy of 99 eV. The zoomed pattern shows that the apparent copper (111) single spot is in fact composed by two very close speckles revealing the presence of two (111) copper domains, rotated 60° each other, similarly to previously reported metallic epitaxial growth[@b38]. [Figure 3b](#f3){ref-type="fig"} schematically shows the real and reciprocal lattice of individual and multiple pristine graphene grains randomly oriented, together with their corresponding Dirac cones associated to the **π** and **π\*** graphene bands.

The graphene-substrate registry is to a large extent disclosed, in [Figure 4](#f4){ref-type="fig"}, by the multi-grain Fermi surface of the graphene-copper samples collected in the sample area described by the A-box of [Fig. 1](#f1){ref-type="fig"}. Bands coming from the copper substrate and the multi-grain graphene overlayer constitute the resulting Fermi surface map. Two sets of copper \"sp\" bands are clearly identified originated by the presence of two independent copper (111) domains, rotated 60°, in agreement with the LEED diffraction pattern of [Fig. 3](#f3){ref-type="fig"}. Moreover, a large continuous circle, with a vector radius of k~//~ = 1.703 Å^−1^ is observed, which accounts for the contributions of the graphene **π\*** bands from different graphene pristine grains, (see [Fig. 4c](#f4){ref-type="fig"}). A quantitative analysis of the circle intensity indicates that 60% of the graphene grains are preferentially oriented along the directions ±3° aside from the \[−110\] direction of the Cu (111) surface, (see [Fig. 4](#f4){ref-type="fig"} c--e). These orientations labelled in [Fig. 4c](#f4){ref-type="fig"} as **β** correspond to the most favorable matching between a six-fold graphene 2D lattice and a (111) copper grain.

Hence, the graphene one-atom thick film is made of pristine graphene islands and BGs, which are patched together as in a quilt, on granular copper foils constituted by large copper grains with (111) preferentially oriented crystalline structure. The graphene grains are single crystals with a robust fermion character, whose lattice and consequently Dirac cones are rotated with respect to each other. The highly oriented graphene grains along preferential **β** directions coexist with grains randomly oriented along arbitrary directions labelled as **α~n~** in [Fig. 4c](#f4){ref-type="fig"}. This electronic structure description is in agreement with recent structural and morphologic microscopic studies[@b37][@b39][@b18][@b40].

In [Figure 5](#f5){ref-type="fig"}, we compare the E-k dispersion of a multi-grain graphene film with the first (to our knowledge) high-resolution nano-ARPES Dirac-like dispersions of one-atom thick graphene grains of **\~** 4 μm size grown by CVD on copper foils. We have centred our study on the differences between the spectral function of single pristine graphene grains with different orientations and the one obtained probing simultaneously dozens of graphene grains, depicted in [Fig. 5a,b and 5c](#f5){ref-type="fig"}, respectively. In agreement with previous graphene ARPES data, the photoemission intensity of one half of the Dirac cones is suppressed due to matrix elements effects, along **ΓK** directions when linear polarized photons have been used[@b7][@b41][@b42]. In order to overcome these matrix elements effects, ARPES Dirac-like dispersion of multi-grain graphene films has also been measured using circularly polarized light, which does not present these matrix element effects and consequently, both branches of the Dirac cone could be observed [Fig. 5d](#f5){ref-type="fig"}.

ARPES results show, that both multi- and single-grain ARPES spectra present a well-defined conical Dirac dispersion, with n-type extrinsic doping ([Fig. 5a--c](#f5){ref-type="fig"}). Moreover, from the Fermi momentum (**k~F~ )**, that is the separation between the Dirac momentum at which the **π\*** band crosses the Fermi level, we have determined the average doping as a function of the grain orientation. Our findings show that the preferentially oriented grains are slightly more doped than randomly oriented ones. The typical extra charge of the **β-**oriented grains is \~1.2 × 10^12^ cm^−2^, with a doping close to **n** = 9.2 × 10^12^ cm^−2^, (**k~F~** = 0. 054 Å^−1^ and **E~D~** = − 0.371 eV, relative to the Fermi level). The spatial distribution of this charge within and at the border of the grains is out of the scope of the present work, thus it is being published elsewhere. Due to the continuous orientation distribution of the graphene grains, corroborated by LEED and the Fermi surface results, the multi-grain ARPES data, taken along any **ΓK** direction display \"filled Dirac cones\", (see [Fig. 5d and 5e](#f5){ref-type="fig"}), which is a consequence of the Dirac cone overlapping from grains adjacently oriented.

[Figure 6](#f6){ref-type="fig"} shows ARPES data through a single Dirac cone along the **ΓK** direction. More precisely, the angle integrated photoemission intensity and Energy Distribution Curves (EDC), shown in panel (a) and (b--c) respectively, have been measured along the **β~1~** in [Fig. 4c](#f4){ref-type="fig"}. This preferential orientation of the graphene domains is almost collinear with the **ΓK~Cu~**direction, see [Fig. 4](#f4){ref-type="fig"} for more details. Discrete spectra show clearly that the photoemission intensity suppression along half of the cone due to matrix element effects[@b43]. The EDCs of [Fig. 6b--c](#f6){ref-type="fig"} show noticeably that the n-doped graphene bands present a bandgap minimum at the Dirac point. The existence of a gap creates two peaks in the EDCs at the **K** point (see black marks in (b) and (c) panels). As it has been extensively discussed in literature, the dispersion in the vicinity of the Dirac point has been subject of vigorous controversy, particularly in epitaxial graphene grown on Si-face of SiC single crystal substrates[@b22][@b41]. The valence and conduction bands are not collinear, showing a region with minimum intensity between them. Whether or not this is due to the existence of a bandgap in the E-k dispersion or a many-body effect has been strongly debated for graphene on SiC substrates[@b22][@b41]. For graphene on copper, however, the efficient dielectric screening of the metallic substrate excludes the possibility of electron-phonon coupling, and instead implies the existence of a bandgap at the Dirac point in graphene on copper foils.

Most importantly, a simple one-orbital tight binding (TB) analysis of the data allows us to evaluate the existence of a gap at the Dirac point. The nano-ARPES spectra from graphene single-grain were modelled by using a first nearest-neighbour TB based on the approach given by Saito et al.[@b44]. The bare π-band dispersion **E~bare~(*k*)** was also computed using the TB model. We have in addition introduced the **E~gap~** parameter to account for an energy gap at the Dirac energy, **E~D~**. The first approximation band structure can be written as follow: where **γ~0~** and **s~0~** are the nearest neighbour hopping and overlap integrals, respectively. The data analysis allows us to conclude that all grains exhibit the opening of a mini-gap of 50 (±5) meV at the Dirac point; which is more or less constant throughout the graphene film. This small gap is compatible with theoretical predictions and recent finding in graphene on metals, which calculated a gap of **\~** 53 meV. This small gap opening can be razionalized as a consequence of a minor breaking of the graphene sub-lattice symmetry[@b23][@b24][@b25][@b42][@b45], due to a week interaction with the substrate.

The best-fit parameters for the nearest neighbor hopping and overlap integrals are: **γ~0~** = − 3.24 eV and **s~0~** = 0.0425 eV, respectively. Despite that we have used almost the same TB parameters as previous reported studies, the gap-size recorded by classical ARPES were up to 150% bigger than the single-grain gap reported in this work[@b21][@b22]. A similar gap determination in our samples using multigrain micro-ARPES (spot size \~90 μm) confirms as well an artificially enhancement of the gap up to a value of the order of \~150 (±5) meV. Original spectra together with TB fitting parameters have been included in [supplementary material](#s1){ref-type="supplementary-material"} available online.

The source of this artificial gap magnification is the rotational smearing of the spectral function due to azimuthal disorder of the sampled multi-grain films. As it can be seen in [Figure 5f](#f5){ref-type="fig"}, the determination of the gap-size by ARPES requires the detection of the E-k dispersion precisely along the **ΓK** directions, (i.e. along the **γ**-plane in [Fig. 5f](#f5){ref-type="fig"}). Hence, the gap energy value between the top and the bottom of the **π** and **π\*** bands, respectively, can be straightforward evaluated. This condition is easily fitted in classical ARPES if the samples are large mono-crystalline films. However, in polycrystalline samples, multi-grain sampling measurements record simultaneously signal from grains oriented differently. Consequently, while some grains are oriented along **ΓK** directions, we record considerable signal from grains with other orientations, which magnifys artificially the apparent gap due to the absence of states around the Dirac points because their E-k cone dispersions are measured in planes as the **δ**-planes, ([Fig. 5f](#f5){ref-type="fig"}).

Discussion
==========

By performing an in-depth analysis of the carrier interaction effects in extrinsic graphene grains (i.e., for doped graphene), we extract from nano-ARPES data the effective band velocity of the Dirac fermions in individual graphene grains. From the slope of the fitted dispersions, we extract the renormalized Fermi velocity, **v^r^~F~**, which is of the order of **\~**1 × 10^6^ m/s for all investigated grains. The momentum distribution function reflects the peculiar linear band structure of graphene, which deviates substantially from the usual parabolic metallic behaviour. Nevertheless, a more rigorous inspection reveals a rather distinctive renormalization depending on the orientation of the graphene grains. In particular, randomly oriented grains, which **ΓK** direction is collinear with **α~n~** directions in [Fig. 4c](#f4){ref-type="fig"}, present a strong deviation of the linearity, which induces a noticeable re-normalization of the Fermi velocity υ~F~^r^(**α**) = (0.69 ± 0.02) × 10^6^ m/s. In preferentially oriented grains (collinear with **β** directions), however, the renormalization is weaker giving rise to a Fermi velocity of the order of υ~F~^r^(**β**) = (0.95 ± 0.02) × 10^6^ m/s. Therefore, the Fermi velocity of those grains oriented along the high symmetry direction of the copper substrate is almost 27% higher than the Fermi velocity of randomly oriented graphene grains.

Finally, we discuss another unusual feature related to graphene\'s relativistic-like spectrum. Our study reveals that even though the linear spectrum of fermions in graphene implies zero rest mass, the effective mass extracted by ARPES is not zero. For carrier densities of the order of **n** **\~** 8 × 10^12^ cm^−2^, the effective mass (**m\***) is of the order of **\~** 0.066 **m~e~** where **m~e~** is the mass of the free electron, in fairly good agreement with experimental cyclotron mass of exfoliated graphene[@b3][@b46]. This effective mass value characterizes the grains preferentially oriented respect to the copper substrate, however, those grains randomly oriented present an effective mass of **m\*\~** 0.086 **m~e~**, almost 34% heavier than the highly oriented grains. As for the cyclotron mass, within the semi-classical approximation, the effective mass can be defined as a fictitious \"relativistic\" mass, **m\*** = **(k~F~/v~F~) √n**, which leads to **m\*** = **(√π/v~F~) √n**, if the Fermi momentum **k~F~** is expressed as a function of the electronic density **n**, considering that **n** = **k~F~/π**[@b1]. Fitting this equation to the experimental data provides estimation for the effective mass, which evidences for the existence of massless Dirac quasiparticles in graphene.

In summary, we have combined imaging graphene single-layer films with nano-ARPES measurements of the single-grain E-k dispersions to determine the robustness of the Dirac-like dispersion in polycrystalline graphene films grown by CDV synthesis. We have identified the size, doping and gap of graphene grains as a function of their orientation. Moreover, we have determined the register of graphene grains with the copper substrate lattice. Interestedly, we have been able to work out the lateral dependence (grain to grain) of the Dirac-like fermions properties, unravelling the relation between grain orientation, Fermi velocity and effective mass. More importantly, the nano-ARPES gap-size determination reveals the origin of the discordances between experimental gap-size values previously reported by classical ARPES and theoretical predictions, confirming that the graphene-copper interaction is rather weak, which gives rise to the opening of a mini-gap of the order of **\~** 50 meV. Our findings, compatible with theoretical predictions and recent structural experimental reports, certainly open the door to a direct evaluation of the mesoscopic structure and its relation with the electronic properties of graphene films. Hence, by direct correlation between the single-grain electronic structure and the parameters of the CVD methods, nano-ARPES studies are able to provide key information on the optimal synthesis conditions of the graphene films and shed light on the electronic structure responsible of their chemical, optical and transport performance.

Methods
=======

Chemical Vapor Deposition of graphene on copper foils
-----------------------------------------------------

Copper foils were purchased from Alfa Aesar (50 μm thickness, 99.9995% purity). They were cut into 1 × 1 cm^2^pieces, and deoxidized using acetic acid, then rinsed in deionized water followed by acetone and isopropylic alcohol ultrasonic cleaning. They were then loaded into the CVD system, a cold-wall rapid-thermal processing set-up with a Si/SiO~2~susceptor fitted with an optical pyrometer. Cu pre-treatment includes a fast temperature gradient to \~1050°C followed by a 5 min annealing step under Ar (100 sccm) and H~2~(5 sccm) flow. Graphene growth was achieved at the same temperature, under CH~4~(20 sccm), H~2~(10 sccm) and Ar (100 sccm) flow (duration 5 min). The sample was then rapidly cooled under the same gas flow as the one used for the pre-treatment. The chamber pressure was set to 10 torrs. The annealing pre-treatment of the Cu foils leads to large and well ordered crystalline grains as large as 2 × 1 mm^2^(see optical micrographs in [Fig. 1c](#f1){ref-type="fig"}). Combining scanning and point mode nano-ARPES in a reference pre-treated only Cu sample, we have observed that the foils are composed almost exclusively of large single-crystal grains with a (111) surface with some in-plane tilt between grains. Only in rare occasions, they show a measurable small tilt from the (111) orientation. Our findings are consistent with results reporting on the most stable morphology and crystallinity of textured copper foils.

Nano Angle Resolved Photoelectron Spectroscopy (nano-ARPES)
-----------------------------------------------------------

Most of the photoemission experiments (PES) were performed with a photon energy hν = 100 eV and linearly horizontal polarized light at a base pressure better than 5 × 10^−11^Torr and keeping the sample temperature at \~46 K. Moreover, in order to sort out problems originated from the photoemission selection rules or "dark corridor" along the ΓK direction, we have also performed PES experiments using circularly polarized light photon energy hν = 30 eV. The ANTARES microscope is equipped with the Scienta R4000 hemispherical electron analyzer with a detection system based on a 40 mm diameter multi-channel plate (MCP) detector. The wide-angle lens of the detector allows a fast and accurate band mapping and XPS/UPS measurements. The lens set with an acceptance angle of 25° or 14° has excellent angular and transmission properties. The Nano-ARPES setup is fully automatically controlled by a complete Tango based software. Both the data acquisition and the communication with external devices are piloted by a unique user friendly code.

The nano-ARPES microscope of the Antares beamline is equipped with two Fresnel zone plates (FZP; i.e. for low and high photon energy)) responsible of the synchrotron radiation beam focalization and an order selection aperture (OSA) to eliminate higher diffraction orders. Moreover, the samples are mounted on a nano-positioning stage placed at the coincident focus of the Scienta analyzer and the FZP focal point, which is responsible of the sample rastering during the image acquisition. The spatial resolution is determine by the FZP resolution and the mechanical stability of the sample stage. This innovative instrument is therefore well suited to determine the electronic band structure of nano-sized samples as well as large specimens with nano heterogeneities by using ARPES. The studies can be consistently completed with a quantitative chemical analysis detecting high-energy resolution core levels along with the chemical shifts of the investigated samples, keeping the same spatial resolution as in nano-ARPES. The ANTARES microscope has two operating modes, the point mode, where an individual ARPES detection can be done in a nano- or micro-area of the sample and a scanning mode, which by mapping the intensity of electronic states of a give momentum and binding energy throughout the samples, it is possible to generate two dimensional images of a particular electronic feature.
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![Mixed real- and reciprocal-space images of a polycrystalline graphene film, grown on copper foils.\
(a) scheme of the nano-ARPES apparatus, connected to a beamline optics equipped with a focalization system composed by a pinhole, a Fresnel Zone plate and an Order Sorting Aperture (OSA). (b) micro-ARPES data inside one of a large copper grain of the sample. (c) real-space image of the copper states intensity (red box states of panel (b)) obtained by nano-ARPES mapping presented on a linear scale as a false-color image. The inset of panel (c) shows the optical image of the sample. Panels (d) and (e) show real-space images of graphene grains by monitoring the graphene states intensity (green box states of panel (b)) at the "A" and "B" yellow rectangles indicated in panel (c). Straight yellow dashed-line in panel (e) indicates the location of the corresponding Cu boundary grain.](srep02439-f1){#f1}

![(a) bottom line shows a typical XPS overview spectrum of graphene films grown by CVD on copper foils after air exposure for transfer purposes and a single 200°C one-hour annealing step. Top spectrum displays the same spectrum after the sample has been annealed up to 600°C, during 6 hours. (b) line-shape of C 1s photoelectron core level of the graphene film of panel (a), measured at the photon energy of 635 eV.(c) SEM image of graphene on a 50 μm thick copper foil. The image shows the presence of few graphene growth seeds (dark areas) together with dominant monolayer areas (light gray). (d) Raman spectra of a typical graphene film on copper foil. The small D peak (\~ 1350 cm^−1^) and the intensity of the G\' peak (\~ 2700 cm^−1^) found to be more than twice as high as the G peak (\~ 1580 cm^−1^) indicate the presence of high quality monolayer graphene.](srep02439-f2){#f2}

![(a) LEED pattern of a graphene film together with the six-fold single-crystal copper grain of the substrate. Panel (b) shows the real and reciprocal space of single- and multi- graphene grain. Moreover, the superposition of Dirac cones of graphene grains ramdomly oriented has been schematized.](srep02439-f3){#f3}

![Panel (a) shows the Fermi surface (FS) map of a graphene multi-grain film recorded at the B-box of [figure 1c](#f1){ref-type="fig"}. Panel (b) displays the energy-momentum dispersion relations of **π** and **π\*** bands near E~F~ of graphene along the **β** direction, using linearly polarized light of 100 eV. A schematic diagram of the recorded FS is depicted in panel (c). Panel (e) depicts a sketch with the most favorable matching between the six-fold copper and graphene lattices.](srep02439-f4){#f4}

![Panel (a) and (b) show E-k dispersions measured by nano-ARPES in single pristine graphene grains oriented along the β and α directions, respectively, (see [Fig. 4c](#f4){ref-type="fig"}). Panel (c) shows multi-grain E-k dispersion measured using micro-ARPES, along the **β** direction. Panel (d) displays the energy-momentum dispersion relations of **π** and **π\*** bands near E~F~ of multi-grain graphene film along the **β** direction, using circularly polarized light of 30 eV. Panel (f) depicts a schematic diagram representing the ARPES real and apparent gap at the Dirac point, depending on the **γ**- and **δ**- measurement plane, respectively.](srep02439-f5){#f5}

![Top and bottom curves of panel (a) show the angle-integrated photoemission spectrum of the single- and multi-grain, respectively, close to the Fermi level in a CVD graphene films grown on copper foil, along the β~1~ direction, taken with an angular aperture of 25 degree. Features at the Dirac point and the size of the bandgap can be easily discerned. Panels (b) and (c) display EDCs along **ΓK** direction (coincident with the **β~1~** direction) in a single- and multi-grain graphene film, respectively. The n-doped gaphene bands disclose clearly the minimum intensity at the Dirac point and the difference between the actual and apparent gap size described in the text.](srep02439-f6){#f6}
